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PASSIVE MIXER WITH REDUCED SECOND
ORDER INTERMODULATION

This application 1s a Continuation in Part of, and claims
priority to, International Patent Application PCT/EP2009/
007609, filed Oct. 23, 2009, and published as WO 2011/

047703, the disclosure of which 1s incorporated herein by
reference 1n its entirety.

TECHNICAL FIELD

The invention generally relates to the field of receiver
structures 1n radio communication systems. More specifi-
cally, the invention relates to passive mixers in the receiver
structures and to a technique for converting a first signal
having a first frequency 1nto a second signal having a second
frequency by using a third signal having a third frequency.

BACKGROUND

In radio communication systems, a mixer 1s used to
up-convert a baseband (BB) signal or an intermediate fre-
quency (IF) signal to a higher frequency, e.g. a radio
frequency (RF) signal, for ease of transmission (when the
mixer 1s used 1n a transmitter) or to down-convert a high
frequency signal, e.g. an RF signal, to a lower frequency
signal, e.g. a BB signal or an IF signal, for ease of signal
processing (when the mixer 1s used in a recerver). The
up-conversion or down-conversion 1s respectively per-
formed by mixing the iput signal of the mixer with a local
oscillator (L O) signal generated by a local oscillator. In the
receiver case, the RF signal 1s mixed with the LO signal in
order to generate an IF signal or a BB signal.

In some mobile radio communication devices, the trans-
mitter and recerver architectures are separated, 1.e. separate
circuitries are used for the receiver and the transmitter.
However, 1n other mobile communication devices, a trans-
ceiver 1s used, which 1s a device that has both a transmitter
and a receiver which are combined and share common
circuitry. Transceivers normally include a duplexer which 1s
a device that allows simultaneous bi-directional (full duplex)
communication over a single channel. In radio communica-
tion systems, the duplexer 1solates the receiver from the
transmitter while permitting them to share a common
antenna.

A challenge in modern radio communication systems has
been, and continues to be, to design receivers (and trans-
mitters) that can meet increasingly strict performance stan-
dards while fitting 1nto ever shrinking packages. To this end,
many modern radio receivers (and transmitters) are imple-
mented on a single application specific integrated circuit
(ASIC).

One of these strict performance standards 1s the inter-
modulation requirement, in particular the so called second
order intermodulation (IM2) requirement. Intermodulation
can only occur in nonlinear systems. Nonlinear systems are
generally composed of active components, meaning that the
components must be biased with an external power source
which 1s not the mput signal (i.e. the active components must
be “turned on’). However, even passive components can
perform 1n a non-linear manner and cause intermodulation.
Diodes or transistors are widely known for their passive
nonlinear effects, but parasitic nonlinearity can arise 1n other
components as well. For example, audio transiormers
exhibit non-linear behavior near their saturation point, elec-
trolytic capacitors can start to behave as rectifiers under
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large-signal conditions, and RF connectors and antennas can
exhibit nonlinear characteristics.

In the receiver case, a passive mixer generates IF or BB
signals that result from the sum and diflerence of the LO and
RF signals combined 1n the mixer. These sum and difference
signals at the IF port are of equal amplitude, but generally
only the difference signal i1s desired for processing and
demodulation so the sum frequency (also known as the
image signal) must be removed, typically by means of IF
bandpass or BB lowpass {iltering.

In the nonlinear case, further higher order components
(caused by harmonics), like IM2 components, typically
occur at the mixer output. The Second Order Intercept Point
(IP2) 1s a measure of linearity that quantifies the second-
order distortion generated by nonlinear systems and devices.
At low power levels, the fundamental output power rises in
a one-to-one ratio (1n terms of dB) of the input power, while
the second-order output power rises 1 a two-to-one ratio.
When the input power 1s high enough and the device reaches
saturation, the output power flattens out in both the first- and
second-order cases. The second order intercept point 1s the
point at which the first- and second-order lines intersect,
assuming that the power levels do not flatten off due to
saturation. In other words, the IP2 1s the theoretical point on
the RF mput vs. IF output curve where the desired input
signal and second order products become equal 1n amplitude
as the RF 1nput 1s raised.

Zero- and low-IF receiver architectures dominate today’s
low-cost wireless receiver market for Time Division Mul-
tiple Access (ITDMA) and Time Division Duplex (TDD)
systems. For Frequency Division Multiple Access (FDMA)
systems and Code Division Multiple Access (CDMA) sys-
tems, like Wideband Code Division Multiple Access
(WCDMA) systems, the strict IM2 and IP2 requirements
typically necessitate more complex receiver solutions.

In a TDMA or TDD system, the wireless transmitter and
receiver are not on at the same time but only 1 different,
non-overlapping, time slots. Thus, for these systems the
strongest receiver (Rx) interference 1s due to an external
transmitter, picked up via the antenna of the TDMA or TDD
system. In FDMA or in CDMA systems, like in a WCDMA
system, the strongest Rx interferer 1s typically the wireless
transmitter (1x) 1tself, via leakage through the duplex filter
of the system. Since the transmitter leakage at full power
typically 1s =10 dB stronger than any external interferer, this
will mainly set the IM2 and IP2 requirements.

For example, a WCDMA transmitter at +25 dBm power
will result in a -25 dBm Rx signal when the duplexer
attenuation 1s 50 dB. If only -108 dBm static Rx interfer-
ence (an interference that 1s present all the time) 1s accept-
able, the receiver IP2 has to be =+44 dBm for the rectified
Tx spectrum to be below the —108 dBm limit. For, e.g., GSM
(Global System for Mobile Communications), the strongest
interferer 1s S dB lower or =30 dBm, resulting 1n a 10 dB
lower IP2 requirement for the same distortion levels.

Up t1ll now, the common remedy for the high transmitter
leakage levels has been to introduce a filter between the low
noise amplifier (LNA) and the mixer of the receiver, typi-
cally an active mixer for noise reasons. Because of the small
relative frequency separation between the closest Tx and Rx
band edges, 1.e. the duplex gap, this filter typically 1s a
Surface Acoustic Wave (SAW) filter which can not be
integrated 1nto the transceiver ASIC, but has to be located on
the printed circuit board (PCB) or module substrate, adding
to the cost and complexity of the receiver structure.

Recently, alternating current (AC) coupling between the
LNA and the mixer core has been employed as a means to
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enhance IP2 by blocking low-frequency IM2 noise to enter
the mixer core, thereby preventing any leakage due to mixer

imbalances.

A passive metal oxide semiconductor (MOS) mixer offers
good performance 1n terms of noise and linearity, especially
when i1ts BB or IF port 1s at a virtual ground. The virtual
ground eliminates the modulation of the mixer switches by
the BB or IF signal which improves IP2Due to the inherent
nature of the MOS device, 1ts switching threshold and
channel conductance depends on the LO, RF and IF signals.
These interdependencies will generate cross products of
these signals, including ones that cause IM2. By grounding
the IF port, e.g. via a virtual ground, some of these cross
products can be reduced resulting in less IM2 and conse-
quently a higher IP2. Still the switching threshold will be
modulated by the RF signal, resulting in an IM2 contribution
in addition to that of the nonlinear channel conductance.

Today’s AC-coupled mixer solutions provide enough per-
formance when the duplexer 1solation 1s 50 dB or better. For
newer band configurations with smaller duplex gaps and
thus less duplexer 1solation this may not be possible. Also
for cost reasons 1t may be advantageous to relax these
duplexer requirements, e.g. by allowing duplexers with less
duplexer 1solation, by improving the mixer IP2.

SUMMARY

Accordingly, there 1s a need to provide an improved and
more cost eflicient passive mixer having improved IP2
performance.

This need 1s satisfied, according to a first aspect, by a
passive mixer for converting a first signal having a first
frequency 1nto a second signal having a second frequency by
using a third signal having a third frequency. The passive
mixer comprises a cancellation component for generating a
first cancellation signal for cancelling second order inter-
modulation components by superimposing the first signal
weilghted by a cancellation value on the third signal; and a
mixing component having a first terminal for receiving the
first signal, a second terminal for outputting the second
signal, and a third terminal for receiving the first cancella-
tion signal, wherein the mixing component 1s adapted to
provide the second si1gnal as output at the second terminal by
mixing the first signal provided as input at the first terminal
and the first cancellation signal provided as input at the third
terminal.

According to a second aspect, the above need 1s satisfied
by a further passive mixer for converting a first signal having,
a first frequency into a second signal having a second
frequency by using a third signal having a third frequency.
The passive mixer comprises a cancellation component for
generating a second cancellation signal for cancelling sec-
ond order intermodulation components by superimposing
the first signal weighted by a cancellation value on a bias, or
reference, voltage; and a mixing component having a first
terminal for recerving the first signal, a second terminal for
outputting the second signal, a third terminal for receiving
the third signal, and a fourth terminal for receiving the
second cancellation signal, wherein the mixing component
1s adapted to provide the second signal as output at the
second terminal by mixing the first signal provided as input
at the first terminal and the third signal provided as mput at
the third terminal together with the second cancellation
signal provided as mnput at the fourth terminal.

The cancellation component according to both aspects
may be adapted to apply only one of the first and second
cancellation signals or both the first cancellation signal and
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the second cancellation signal. It 1s conceivable that the
mixing component may comprise four terminals, the first to
fourth terminals according to the second aspect, but may
only use three of the four terminals, e.g. the first to third
terminals. For example, the three terminals are used by
providing them with the respective signals, the fourth ter-
minal remains unused and the mixing component then
generates the first cancellation signal without considering
the fourth signal (bias voltage). If the bias voltage would
additionally be provided, the mixing component may gen-
erate the second cancellation signal using the four terminals.
The mixing component may be adapted to receive both the
first and second cancellation signals and to provide the
second signal as output at the second terminal by mixing the
first signal provided as input at the first terminal and the first
cancellation signal provided as input at the third terminal
together with the second cancellation signal provided as
input at the fourth terminal.

In accordance with both aspects, the mixing component
may comprise a voltage controlled switch. For example, the
mixing component comprises a field effect transistor switch,

like a Metal Oxide Semiconductor Field Eftect Transistor
(MOSFET), a Junction Field Effect Transistor (JFET), a

Metal Semiconductor Field Effect Transistor ( MESFET) and
the like or a transistor providing similar characteristics as a
field eflect transistor, like an Insulated Gate Bipolar Tran-
sistor (IGBT). The field effect transistor switch may have its
drain operatively connected to the first terminal, 1ts gate
operatively connected to the third terminal and 1ts source
operatively connected to the second terminal. In particular
according to the second aspect, the field eflect transistor
switch may have 1ts drain operatively connected to the first
terminal, 1ts gate operatively connected to the third terminal,
its source operatively connected to the second terminal and
its bulk connected to the fourth terminal.

As 1s well known, source and drain may be interchanged
for a symmetric device and what constitutes the drain and
the source of a field effect transistor may be bias, or signal,
dependent. For simplicity, but without loss of generality, we
assume that the drain 1s connected to the first terminal and
the source to the second terminal.

The mixing component may alternatively comprise more
than one voltage controlled switch, for example two comple-
mentary voltage controlled switches. In this case, one
N-channel transistor and one P-channel transistor may be
connected 1n parallel to each other, and may share the first
and second terminals, but may have distinct third terminals
and, in case of the second aspect, distinct fourth terminals,
¢.g. distinct gate and bulk terminals.

The passive mixer may be used in a recerver arrangement
for example of a transceiver comprising both a transmitter
and a receiver. In this case, the passive mixer may be used
in at least one of the recerver and the transmitter of the
transceiver. For example, the passive mixer 1s realized as an
integrated circuit provided on the same application specific
integrated circuit (ASIC) as the transceiver.

According to a first variant, the passive mixer may be
arranged 1n the recerver. The first signal may then be a radio
frequency (RF) signal received by the receiver, the third
signal may be a local oscillator (LLO) signal provided by a
local oscillator arranged in the receiver, and the second
signal may be one of an intermediate frequency (IF) signal
and a baseband (BB) signal dependent on whether the
passive mixer 1s adapted to perform direct conversion or
indirect conversion. When the passive mixer 1s adapted to
perform indirect conversion, the recerved RF signal 1s down-
converted by the passive mixer mto an IF signal having a
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center frequency diflerent from zero. The IF signal may then
be further down-converted by a similar or a different mixer
into a BB signal. In case of direct conversion, the RF signal
1s directly converted into a BB signal having a center
frequency equal to zero, 1.e. having a spectrum of a certain
bandwidth around zero.

According to a second variant, which can be combined
with the first variant, the passive mixer may be arranged in
the transmitter. The first signal may then be one of an IF
signal and a BB signal dependent on whether the passive
mixer 1s adapted to perform direct conversion or indirect
conversion, the third signal may be an LO signal provided
by an LO arranged in the transmitter, and the second signal
may be an RF signal to be transmitted by the transmutter.

The second order intermodulation (IM2) components to
be cancelled may comprise terms dependent on the voltage
at the first terminal of the mixing component (the input
voltage of the mixing component). According to one variant,
the second terminal (output terminal) of the mixing com-
ponent connected to a virtual ground or may have a voltage
close to ground such that the voltage swing at this terminal
1s very low compared to the voltage swing of the first
terminal. The IM2 components may then be proportional to
the square of the voltage at the first terminal. Alternatively,
in accordance with another varnant, the voltage swing at the
second terminal may not be much less than that of the first
terminal and the IM2 components may be dependent on both
the voltage at the first terminal and the voltage at the second
terminal. For example, the IM2 components are dependent
on the voltage diflerence between the voltage at the first
terminal and the voltage at the second terminal.

In order to cancel the IM2 components, both the cancel-
lation values for the first cancellation signal and the second
cancellation signal may be set as fixed values. For example,
both cancellation values may be equal to 0.5 or a value close
to 0.5. Alternatively, the cancellation values may 1itially be
set to the fixed value and may then be adapted when the
operating conditions of the passive mixer change, e.g. when
the temperature of the passive mixer changes during opera-
tion. In yet another example, one cancellation value may be
fixed and the other may be adapted to a value that depends
on one or more of the operating conditions, device mis-
matches, process spread or temperature.

As outlined above, the mixing component may comprise
a field effect transistor switch having its drain operatively
connected to the first terminal, 1ts gate operatively connected
to the third terminal and 1ts source operatively connected to
the second terminal. In accordance therewith, the IM2
components to be cancelled may comprise a term propor-
tional to the second order of the drain source voltage.

According to a first realization of both the first and second
aspect, the passive mixer may be used in current mode, 1.e.
the second terminal (output terminal) of the mixing com-
ponent may be grounded or may be at virtual ground. It the
mixing component 1n this realization comprises a field effect
transistor switch, the drain of the field effect transistor may
receive the RF signal and the source of the field effect
transistor may be connected to ground or to virtual ground.
In order to determine the quantity of the IM2 components,
which may be proportional to the square of the drain source
voltage of the field eflect transistor, a first sensing compo-
nent may be used for sensing the voltage at the first terminal,
¢.g. the voltage at the drain of the field eflect transistor. In
the current mode (the first realization) the second terminal
(output terminal) of the passive mixer 1s connected to
ground or to virtual ground, so that, as outlined above, the
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IM2 components may be proportional to the square of the
voltage at the first terminal, 1.e. the square of the voltage of
the RF signal.

In order to determine the cancellation value for weighting,
the first signal, e.g. the RF signal, in accordance with the first
realization, the voltage sensed at the first terminal by the first
sensing component may be considered. According to the
first aspect, the weighted first signal, e.g. the weighted RF
signal, may then be superimposed on the third signal, e.g. the
local oscillator signal, in order to generate the first cancel-
lation signal. Alternatively, in accordance with the second
aspect, the weighted first signal, e.g. the weighted RF signal,
may be superimposed on the bias voltage, e.g. the bulk
voltage of the field eflect transistor, 1n order to generate the
second cancellation signal. In line with the first realization
of the first aspect, the first sensing component may be
connected to the first terminal and to the cancellation
component, 1n order so sense the voltage at the first terminal
and 1 order to provide the weighted first signal to the
cancellation component. Likewise, the cancellation compo-
nent may be connected to the first terminal via the first
sensing component and to the third terminal 1 order to
receive the weighted first signal and to superimpose the
weilghted first signal and the third signal. In accordance with
the first realization of the second aspect, the first sensing
component may be connected to the first terminal and to the
cancellation component, 1n order to sense the voltage at the
first terminal and 1n order to provide the weighted first signal
to the cancellation component. Likewise, the cancellation
component may be connected to the first terminal via the
first sensing component and to the fourth terminal 1n order
to receive the weighted first signal and to superimpose the
weilghted first signal and the bias voltage.

Alternatively, 1n a second realization in particular of the
first aspect, the second terminal of the mixing component
may not be connected to a virtual ground and the passive
mixer may not be used 1n current mode, but in voltage mode.
In the voltage mode, the second terminal of the mixing
component, €.g. the source of the field effect transistor, 1s not
connected to a virtual-ground node, but may be connected to
a capacitor which itself may be connected to ground. In this
way, the second terminal of the mixing component may be
loaded by the capacitor that may provide an RF short to
ground. The RF signal at the first terminal and the IF signal
or BB signal at the second terminal my be widely separated
in frequency. Therefore, the voltages at the first terminal and
the second terminal may be sensed independently from each
other.

For example, the passive mixer comprises, 1n addition to
the first sensing component for sensing the voltage at the
first terminal, a second sensing component for sensing the
voltage at the second terminal. The second sensing compo-
nent may be connected to the second terminal 1n order to
sense the voltage at the second terminal and to the cancel-
lation component 1n order provide the cancellation compo-
nent with the information about the sensed voltage at the
second terminal. The cancellation component may not only
be connected to the first sensing component and to the third
terminal but may further be connected to the second terminal
via the second sensing component 1n order to generate the
first cancellation signal by not only considering the sensed
voltage at the first terminal but by additionally considering
the sensed voltage at the second terminal.

In accordance with a further variant, the passive mixer
may further comprise two or more mixing components and
a more-phase generator for generating the third signal with
two or more different phases. According to this variant, the
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more-phase generator may be supplied by two opposing
signal sources and may in this way float with respect to
ground 1n order to generate two or more phases of the third
signal. The two opposing current sources for supplying
signal with opposing phases may by locally decoupled via a
capacitor. The different phases of the third signal may be
individually fed into one or more of the two or more mixing
components. For example, both of the two or more different
phases may be fed into all of the two or more mixing
components. Alternatively, one of the diflerent phases may
be supplied to one of the mixing components, another of the
different phases my be supplied to another one of the mixing
components and so on.

For example, 1n accordance with this further variant, the
first signal weighted by the cancellation value 1s superim-
posed on one phase of the third signal and the first signal
weighted by the same or an adapted cancellation value 1s
superimposed on another phase of the third signal in order
to generate the first cancellation signal having multiple
phases. In case of several diflerent phases of the third signal,
cach phase of the third signal may be modulated with the
appropriate weighted first signal in order to generate the first
cancellation signal at the respective mixing component.

In accordance with the second aspect, the cancellation
component may be adapted to generate the second cancel-
lation signal by superimposing the first signal weighted by
the cancellation value on the bias voltage. The different
phases of the third signal may then be provided to the third
terminal of one or more of the two or more mixing compo-
nents.

In accordance with both aspects, 1t may also be possible
to turn off the weighted first signal, e.g. the weighted RF
signal, at the cancellation component 1n order to save power
(c.g. by turning ofl the first sense amplifier), when the
transmission power and thus the interference mtroduced 1nto
the receiver 1s lower than a certain threshold. Additionally to
the IM2 components from the own transmitter, the passive
mixer may be adapted to also consider IM2 due to other
devices, e.g. base stations.

The above need 1s also satisfied, according to a third
aspect, by a transceiver apparatus comprising a transmitter
for transmitting a radio frequency transmit signal and a
receiver for receiving a radio frequency receive signal. The
receiver of the transceiver apparatus comprises a low noise
amplifier for amplifying the high frequency receive signal;
and a passive mixer comprising a local oscillator for gen-
erating a local oscillator signal; a cancellation component
for generating a first cancellation signal for cancelling
second order intermodulation components by superimposing
the amplified radio frequency receive signal weighted by a
cancellation value on the local oscillator signal; and a
mixing component having a first terminal for receiving the
amplified radio frequency receive signal, a second terminal
for outputting one of an intermediate frequency signal and a
baseband signal, and a third terminal for receiving the first
cancellation signal, wherein the mixing component 1is
adapted to provide one of the intermediate frequency signal
and the baseband signal as output at the second terminal by
mixing the amplified radio frequency receive signal pro-
vided as mput at the first terminal and the first cancellation
signal provided as mput at the third terminal.

According to a fourth aspect, the above need 1s satisfied
by a further transceiver apparatus comprising a transmitter
for transmitting a radio frequency transmit signal and a
receiver for receiving a radio frequency receive signal. The
receiver ol the transceiver apparatus comprises a low noise
amplifier for amplifying the high frequency receive signal;
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and a passive mixer comprising a local oscillator for gen-
erating a local oscillator signal; a cancellation component
for generating a second cancellation signal for cancelling
second order mmtermodulation components by superimposing,
the amplified radio frequency receive signal weighted by a
cancellation value on a bias voltage; and a mixing compo-
nent having a first terminal for receiving the amplified radio
frequency receive signal, a second terminal for outputting
one of an imtermediate frequency signal and a baseband
signal, a third terminal for receiving the local oscillator
signal, and a fourth terminal for recerving the second can-
cellation signal, wherein the mixing component 1s adapted to
provide one of the mtermediate frequency signal and the
baseband signal as output at the second terminal by mixing
the amplified radio frequency receive signal provided as
input at the first terminal and the local oscillator signal
provided as input at the third terminal together with the
second cancellation signal provided as mnput at the fourth
terminal.

According to both, the third and the fourth aspect, the
receiver may further comprise one of a bandpass filter and
a lowpass filter connected to the second terminal. In case of
direct conversion, 1.¢. when the passive mixer 1s adapted to
directly convert the radio frequency receive signal into a
baseband signal, a lowpass filter may typically be connected
to the second terminal of the mixing component for filtering
the baseband signal via a passband of a predetermined
frequency range. In case of indirect conversion, 1.¢. when the
passive mixer 1s adapted to convert the radio frequency
receive signal into an intermediate Ifrequency signal, a
bandpass filter having a passband of a predetermined fre-
quency range may typically be connected to the second
terminal of the mixing component for filtering the interme-
diate frequency signal output at the second terminal. The
lowpass filter may be augmented by AC coupling (i.e. a
highpass filter) when there 1s little signal energy at DC (e.g.
for WCDMA) and the bandpass filter may be implemented
as a combination of a highpass (or AC coupling) and a
lowpass filter.

According to a fifth aspect, a mobile communication
terminal 1s provided, the mobile communication terminal
comprising the transceiver apparatus according to the third
or fourth aspect as outlined above.

The above need 1s further satisfied, according to a sixth
aspect, by a method for converting a first signal having a first
frequency 1nto a second signal having a second frequency by
using a third signal having a third frequency. The method
comprises the steps of generating, by a cancellation com-
ponent, a {irst cancellation signal for cancelling second order
intermodulation components by superimposing the first sig-
nal weighted by a cancellation value on the third signal;
receiving, at a first terminal of a mixing component, the first
signal; receiving, at a third terminal of the mixing compo-
nent, the first cancellation signal; and outputting, at a second
terminal of the mixing component, the second signal by
mixing the first signal provided as input at the first terminal
and the first cancellation signal provided as input at the third
terminal.

According to a seventh aspect, the above need 1s satisfied
by a further method for converting a first signal having a first
frequency 1nto a second signal having a second frequency by
using a third signal having a third frequency. The method
comprises the steps of generating, by a cancellation com-
ponent, a second cancellation signal for cancelling second
order intermodulation components by superimposing the
first signal weighted by a cancellation value on a bias
voltage; receiving, at a first terminal of a mixing component,
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the first signal; receiving, at a third terminal of the mixing
component, the third signal; receiving, at a fourth terminal
of the mixing component, the second cancellation signal;
and outputting, at a second terminal of the mixing compo-
nent, the second signal by mixing the first signal provided as
input at the first terminal and the third signal provided as
input at the third terminal together with the second cancel-
lation signal provided as input at the fourth termainal.

The cancellation value with which the first signal 1s
weilghted 1n order to generate the first and second cancella-
tion signals may be a fixed value, e.g. 0.5 or a value around
0.5. Alternatively, other values of the fixed cancellation
values may be used which take into account the operating
conditions, e.g. which provide a good compromise over
process and temperature. It 1s also concervable that a set of
different cancellation values my be provided and that one of
the set of different cancellation values may be selected based
on the operating conditions. The set of fixed cancellation
values may comprise different values for different operating,
conditions.

The cancellation value may also be based on a voltage
sensed by a first sensing component at the first terminal. In
addition, a voltage at the second terminal may be sensed by
a second sensing component and the first cancellation signal,
the second cancellation signal or both the first and the
second cancellation signals may be generated by addition-
ally considering the sensed voltage at the second terminal.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following, the mnvention will further be described
with reference to exemplary embodiments 1llustrated in the
figures, 1n which:

FIG. 1 1s a block diagram schematically illustrating a
transceiver apparatus embodiment;

FIG. 2 1s a schematic illustration of a receiver of the
transceiver embodiment of FIG. 1;

FIG. 3 1s a schematic illustration of a first passive mixer

embodiment of the receiver shown in FIG. 2;

FIG. 4 1s a schematic illustration of a second passive
mixer embodiment of the receiver shown 1n FIG. 2;

FIG. 5 1s a flow chart 1llustrating a first method embodi-
ment;

FIG. 6 1s a schematic illustration of a third passive mixer
embodiment of the receiver shown 1n FIG. 2;

FIG. 7 1s a flow chart illustrating a second method
embodiment;

FI1G. 8 1s a schematic 1llustration of a fourth passive mixer
embodiment of the receiver shown in FIG. 2:

FIG. 9 1s a schematic 1llustration of a fifth passive mixer
embodiment of the receiver shown in FIG. 2:

FIG. 10 1s a schematic 1llustration of a sixth passive mixer
embodiment of the receiver shown in FIG. 2;

FIG. 11 1s a schematic illustration of a seventh passive
mixer embodiment of the receiver shown 1n FIG. 2;

FIG. 12 1s a schematic illustration of an eighth passive
mixer embodiment of a receiver shown 1n FIG. 2;

FI1G. 13 1s a schematic illustration of a ninth passive mixer
embodiment of a receiver shown 1n FIG. 2;

FIG. 14 1s a schematic illustration of a current-mode
passive mixer embodiment of a transmitter shown 1n FIG. 1;
and

FIG. 15 1s a schematic illustration of a voltage-mode
passive mixer embodiment of a transmitter shown 1n FIG. 1.

DETAILED DESCRIPTION

In the following description, for purposes of explanation
and not limitation, specific details are set forth, such as
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specific circuitries including particular components, ele-
ments etc., 1 order to provide a thorough understanding of
the present invention. It will be apparent to one skilled in the
art that the present invention may be practiced in other
embodiments that depart from these specific details. For
example, the skilled person will appreciate that the present
invention, although explained below with respect to a Metal
Oxide Semiconductor (MOS) Field Effect Transistor (FET),
may make use of other transistors like a Junction Field Effect
Transistor (JFE'T), a Metal Semiconductor Field Effect Tran-
sistor (MESFET), an Insulated Gate Bipolar Transistor
(IGBT) or the like. For example, the invention may make
use of n-channel MOSFETs, p-channel MOSFETSs, n-chan-
nel JFETs or p-channel JFETs.

Those skilled 1n the art will further appreciate that func-
tions explained hereinbelow may be implemented using
individual hardware circuitry and/or using an application
specific mtegrated circuit (ASIC). The ASIC may be built
from Field-programmable gate arrays (FPGAs), program-
mable logic devices (PLDs), like complex programmable
logic devices (CPLDs), or any other standard parts known to
those skilled 1n the art. It will also be appreciated that when
the present invention 1s described as a method, this method
may also be embodied on the ASIC.

FIG. 1 shows a block diagram of a radio frequency (RF)
transceiver apparatus 110 for use 1n a mobile communication
device 100. As schematically illustrated in FIG. 1, the
mobile communication device 100 comprising the RF trans-
ceiver apparatus 110 1s adapted to transmit a radio frequency
transmit signal 102 from an antenna 112 and 1s adapted to
receive a radio frequency receirve signal 104 with the
antenna 112. The mobile terminal comprises a duplexer 114
connected to the RF transceiver apparatus 110 via an imped-
ance matching network 116 and a power amplifier 118, so
that the transceiver apparatus 110 can be used for both
transmitting the radio frequency transmit signal by means of
a transmitter 130 and receiving the radio frequency receive
signal by means of a receiver 120. The impedance matching
network 116 1s connected to the receiver 120 of the RF
transceiver apparatus 110 and the power amplifier 118 1s
connected to the transmitter 130 of the RF transceiver
apparatus 110.

The transmitter 130 of the RF transceiver apparatus 110
comprises a driver amplifier 310, a mixer 330, a local
oscillator (LO) 340 and a baseband (BB) filter 350. The
receiver 120 of the RF transceiver apparatus 110 comprises
a low noise amplifier (LNA) 210, a mixer 230, a local
oscillator (LO) 240 and a baseband (BB) filter 250. When
the RF transceiver apparatus 110 1s used 1n transmit mode,
a data signal 1s passed to the BB filter 350, filtered by the BB
filter 350 and passed to the mixer 330, where the BB data
signal 1s up-converted 1nto an RF signal using an LO signal
generated by the LO 340. The RF signal 1s then passed to the
driver amplifier 310, the power amplifier 118, the duplexer
114 and finally to the antenna 112 for transmitting the RF
transmit signal 102.

When the transceiver apparatus 110 1s used 1n receive
mode, an RF receive signal 104 1s received by the antenna
112, is passed by the duplexer 114 to the impedance match-
ing network 116 and then to the receiver 120 of the RF
transceiver apparatus 110. In the receiver 120, the LNA 210
amplifies the RF receive signal, the mixer 230 directly
down-converts the amplified RF receive signal into a BB
signal by mixing the amplified RF receive signal with an LO
signal generated by the LO 240 and then passes the BB
signal to the BB filter 250 for further BB filtering and

amplification.




US 9,825,590 B2

11

FIG. 2 illustrates the recerver 120 of the RF transceiver
apparatus 110 shown in FIG. 1 comprising the LNA 210 for
amplifying the RF receive signal, the mixer 230 for down-
converting the amplified RF receive signal into the BB
signal by using the LO signal generated by the LO 240 and
the BB amplifier 250 for filtering and amplifying the down-
converted BB signal.

FIG. 3 schematically illustrates a first passive mixer 230
embodiment of the receiver 120 shown 1n FIG. 2. As shown
in FIG. 3, the passive mixer 230 comprises a MOSFET 231
as a mixing component having a drain, a gate and a source
(the bulk 1s grounded for ease of simplicity), the drain being
operatively connected to a first terminal 232, the source
being operatively connected to a second terminal 234 and
the gate being operatively connected to a third terminal 236
of the passive mixer 230. The first terminal 232 1s adapted
to recerve the RF recerve signal (amplified by the LNA 210),
the second terminal 234 1s adapted to output the BB signal
and the third terminal 1s adapted to recerve a third signal, a
first cancellation signal, the generation of which will be
described 1n more detail below.

The current through an N-channel MOSFET 1n 1ts linear
region, 1.e. when 0<V _ <V_-V . can to a first order be
given as

(1)

Vis
lys = ﬁ){ Vdsx(vgs — Vi — 7)

where 1, 1s the drain-source current, § 1s a geometry

dependent constant, V_ 1s the gate-source voltage, V ,, 1s the
drain-source voltage and V_, 1s the MOSFET threshold
voltage. Here, an N-channel device has been assumed but
similar relations can easily be derived for P-channel devices.
Assuming, without loss of generality, that the source and the
second terminal 234 are grounded, there will be two sce-
narios depending on the polarity of V ,, namely the first
scenario for V =0 and the second scenario for V , <0.

For V , =0, the second terminal 234 will act as the source,
1.e. the voltage at the source V_ will be equal to zero
(grounded) (V =0), and the first terminal 232 will act as the
drain, 1.e. the voltage at the drain V , will be equal to the
voltage of the RF signal V_-(V =V, J. For V <0, the drain
and source are swapped (V_~0 and V=V ).

For the first scenario (V , =0), the drain-source current I ,_
becomes by means of equation (1)

V 2
deZﬁXV,fX(Vm—Vm—%] ()

and for the second scenario (V , <0), the drain-source current
[, becomes by means of equation (1)

(3)

Vir
)

fdsz—ﬂXV;fX(Vb—V;f—Vrh+—
Vif
=—5XVQFX(V{D—VI —7]

where V,_ 1s the voltage of the LO signal which 1s equal to
the gate-source voltage V. since the source 1s grounded.
The sign reversal 1n the drain-source current I, reflects the
change in reference direction due to the terminal swapping.
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As can be seen from equations (2) and (3), 1n both
scenarios, there is one linear current component (V, xV, )
and one second order modulation (IM2) component (VX
V,42). Since the MOSFET switch primarily works in the
linear region, the above equations (2) and (3) describe the
main influence of the nonlinear channel conductance on the
mixer current.

By superimposing a fraction of the RF signal on the LO
signal by weighting the RF signal with a cancellation value
a, 1.e. when the gate voltage V_ becomes

(4)

the cancellation of the IM2 term can be achieved by choos-
ing the cancellation value o appropnately. Since the source
1s grounded V_, will equal V.. As shown above, the IM2
component is proportional to V, _*V /2.

Thus, by selecting o= the IM2 component can be

cancelled as equation (1) then yields 1n combination with
equation (4)

Ve=VitaxV, .

Vi (L) +(4)
Ids=18xvdsx(vgs_vr — 7)
V V,
=ﬁxvffx(vb+7’f—vr _Tf]

:ﬁXV,fX(Vb—Vm)

which 1s now proportional to V4 1.e. 1s now linear, when V,,,
and V , can be considered constant.

Thus, by merely setting the cancellation value a=%, by
weilghting the RF signal with the cancellation value o and by
superimposing (adding) the weighted RF signal on (to) the
L.O signal, the IM2 component can be canceled.

The latter 1s exemplarily shown 1n FIG. 3, where the RF
signal 1s weighted by the amplifier 222 with the cancellation
value a (by scaling the drive strength of the first sense
amplifier 222 1n relation to the LO) and 1s then added to the
L.O signal 1n order to generate the first cancellation signal at
the cancellation component 220. The first cancellation signal
1s then provided to the third terminal 236 (connected to the
gate), the RF signal 1s provided to the first terminal 232
(connected to the drain) and the BB signal 1s generated as
output at the second terminal 234 (connected to the source)
by mixing the RF signal and the first cancellation signal.

The above will cancel the IM2 due to the MOSFET 231
switch channel conductance, which covers most of the
switch conduction angle. At the switching threshold, the
MOSFET 231 will start in the sub-threshold region and will

enter the saturation region as soon as any significant current
starts to tlow through the MOSFET 231. The drain-source

current I, 1n the saturation region can be described as

Ids — g X (Vgs - Vrh)z- (5)
For V , =0, equation (35) yields

6

lgs = gx(ﬂo — Vip)? ©)

which 1s proportional to the square of V, and for V , <0,
equation (3) vields
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p (7)

las = 5 X (Vip = Vg - Vin)*

which also has an IM2 term proportional to the square otV .

In the sub-threshold region, the drain-source current I ,_ 1s
much smaller and the characteristic 1s exponential also
contributing with some IM2.

When the cancellation value a 1s selected to deviate
slightly from the linear cancellation criterion, 1.e. the can-
cellation value o would be selected to not equal 0.5, the IM2
generated 1 the sub-threshold region and the saturation
region can be compensated by allowing some residual 1IM2
in the linear region. In other words, the cancellation value o
can be tuned such that 1t nulls the sum of all IM2 contribu-
tions but does not null all mndividual IM2 components
separately, e.g. the one 1n the linear region.

As shown 1 FIG. 3, the cancellation component 220 1s
adapted to generate the first cancellation signal for cancel-
ling IM2 components by superimposing the RF receive
signal weighted by the cancellation value o on the LO
signal. Alternatively to setting the cancellation value a to a
fixed value, the first sense amplifier 222 can be used 1n order
to sense the voltage at the first terminal 232. By sensing the
voltage at the first terminal 232 the appropriate cancellation
value for cancelling the IM2 component can be determined
by evaluating equation (1). The unweighted RF receive
signal 1s provided to the first terminal 232 of the MOSFET
231 and the first cancellation signal 1s provided to the third
terminal 236 of the MOSFET 231. By mixing the amplified

RF receive signal with the first cancellation signal, the
MOSFET 231 switch outputs a BB signal at its source and
thus at the second terminal 234 of the mixing component.

The BB signal 1s then filtered and amplified by the BB
amplifier 250 comprising, for example as shown 1n FIG. 3,
an amplifier 252, a resistor 254 and a capacitor 256, wherein
the resistor 254 and the capacitor are operatively connected
to the input and the output of the amplifier 252 for feedback
control.

FIG. 4 shows a second mixer embodiment of the recerver
shown 1n FIG. 2, which 1s used 1n voltage mode. In voltage
mode, the source of the MOSFET 231 and thus the second
terminal 234 are not directly connected to virtual ground but
are connected via an impedance, ¢.g. as shown 1n FIG. 4 a
capacitor 258, to ground, 1.e. the MOSFET 231 i1s loaded by
the capacitor 258. In contrast to the {first passive mixer
embodiment in FIG. 3, the voltage at the second terminal
234 1s not close to zero since the second terminal 234 1s not
connected to virtual ground. Therefore, the voltage at the
second terminal 234 has to be considered in equations (1) to
(4) 1n order to determine the drain-source voltage V ,_and the
gate-source voltage V.. The drain-source voltage V , 1s
unlike i the first embodiment not merely equal to the RF
voltage V . but 1s equal to the diflerence between the RF
voltage V -at the first terminal 232 and the IF voltage V at
the second terminal 234. Likewise, the gate-source voltage
V., (without any additional cancellation signal) 1s not
merely equal to the voltage of the LO signal V,_ but 1s equal
to the diflerence between the voltage of the LO signal and
the source voltage V_ (the voltage at the second terminal
234). Thus, 1n order to select the cancellation value o, both
the drain voltage V , at the first terminal 232 and the source
voltage V _ at the second terminal 234 have to be sensed in
order to determine the drain-source voltage V . and the

gate-source voltage V_ of the MOSFET 231.
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Since the RF voltage at the first terminal 232 and the IF
voltage at the second terminal 234 are widely separated in
frequency, they can be sensed independently. In order to
sense the voltage at the first terminal 232, the first sense
amplifier 222 1s used and 1n order to sense the voltage at the
second terminal 234, a second sense amplifier 224 1s used.
Then, the sensed voltage at the first terminal 232 and the
sensed voltage at the second terminal 234 are used to adapt
the cancellation value o.. The RF signal 1s weighted by the
cancellation value ., and the IF signal 1s weighted by the
cancellation value o, and the weighted signals are provided
to the cancellation component 220. The cancellation values
a., and o., may be the same for simplicity or individually set
to maximize performance. At the cancellation component
220, the LO signal 1s superimposed on both the weighted RF
signal and the weighted IF signal, in order to generate a first
cancellation signal which 1s then provided to the third
terminal 236 and the gate of the MOSFET 231. The output
of the second terminal 234 is then again provided to the BB
amplifier 252 for amplification and {filtering.

The two passive mixer embodiments described above
with respect to FIGS. 3 and 4 are further illustrated by the
flow chart of FIG. 5 which shows a first method embodiment
300. The method 300 comprises the following steps: Gen-
erate first cancellation signal (step 302); Recerve first signal
at first terminal (step 304); Receive first cancelation signal
at third terminal (step 306); and Output second signal at
second terminal by mixing first signal and first cancellation
signal (step 308).

FIG. 6 shows a third passive mixer embodiment for
cancelling second order intermodulation components. The
passive mixer 1s operated 1n current mode, like 1n the first
passive mixer embodiment of FIG. 3, but in contrast to the
first passive mixer embodiment shown 1n FIG. 3 (and also to
the second passive mixer embodiment shown 1n FIGS. 4),
the bulk terminal of the MOSFET 231, which 1s operatively
connected to a fourth terminal 238 of the passive mixer, 1s
additionally considered. When additionally considering the
bulk terminal 238, the threshold voltage V., 1s proportional
to the bulk-source voltage V,

Vr - Vth_Tx Vbs (8)

where V,, 1s the unmodulated threshold voltage and V,_ 1s
the bulk-source voltage. By injecting (superimposing) a
suitably scaled second cancellation signal at the bulk termi-
nal 238, unwanted IM2 components can also be suppressed.
When V, =axV , axy='2and V_=V, (since the source and
the second terminal 234 are grounded), the drain-source
current 1, yields using equation (1)

Vi

L =;5'><vff><((vm (Vi =y XX Vyp) - 7]

(9)

= XV X(Vi, — Vipo)

Thus, the IM2 term 1s again cancelled with the above
assumptions.

Since, in practice, V,, 1s a complex nonlinear function of
the bulk, source and drain voltages, the above linearized
model 1s thus not exact, but provides a good estimation. Also
because of the small moderate and weak 1nversion conduc-
tion angles, the cancellation criterion axy can be selected to
slightly deviate from 0.5 in order to minimize the aggregate
IM2 components.

As shown 1n FIG. 6, the amplified RF receive signal 1s
provided to the drain of the MOSFET 231 and the first sense



US 9,825,590 B2

15

amplifier 242 1s adapted to sense the voltage of the RF signal
at the first terminal 232 1n order to the select the approprate
cancellation value. The RF receive signal 1s weighted with
the determined cancellation value and 1s superimposed on a
bias voltage at the cancellation component 240 1n order to

generate the second cancellation signal. The second cancel-
lation s1gnal 1s provided to the bulk terminal of the MOSFET
231. The MOSFET 231 switch 1s adapted to mix the
amplified RF recerve signal provided as mput at the drain
and the local oscillator signal provided as mnput at the gate
together with the second cancellation signal provided as
input at the bulk of the MOSFET 231 in order to generate
and output a BB signal at the source. The BB signal 1s then
amplified by the BB amplifier 250.

The third passive mixer embodiment described above
with respect to FIG. 6 1s further illustrated by the flow chart
of FIG. 7 which shows a second method embodiment 400.
The method 400 comprises the following steps: Generate
second cancellation signal (step 402); Receive first signal at
first terminal (step 404); Receive third signal at third termi-
nal (step 408); Receive second cancelation signal at fourth
terminal (step 410); and Output second signal at second
terminal by mixing first signal and third signal together with
second cancellation signal (step 412).

The first passive mixer embodiment of FIG. 3 and the
third passive mixer embodiment of FIG. 6 can be combined
to a fourth passive mixer embodiment as shown in FIG. 8.
In this embodiment, the voltage at the first terminal 232 1s
sensed by two distinct sense amplifiers 222, 242, a first one
222 connected to the first terminal 232 and the third terminal
236 (via a first cancellation component 220) and a second
one 242 connected to the first terminal 232 and the fourth
terminal 238 (via a second cancellation component 240). In
this way two distinct cancellation values can be determined
by the two sense amplifiers 222, 242, 1.e. a {irst cancellation
value determined by the first sense amplifier 222 and a
second cancellation value determined by the second sense
amplifier 242. Then, a first cancellation signal 1s determined
by adding the RF signal weighted by the first cancellation
value to the LO signal and a second cancellation signal 1s
determined by adding the RF signal weighted by the second
cancellation value on a bias voltage. As shown 1n FIG. 8, the
first cancellation signal 1s mput to the gate of the MOSFET
231 via the third terminal 236 and the second cancellation
signal 1s input to the bulk of the MOSFET 231 via the fourth
terminal 238. By mixing the first signal provided as input at
the drain and the first cancellation signal provided as input
at the gate together with the second cancellation signal
provided as input at the bulk, a BB signal 1s provided at the

source of the MOSFET 231 and the second terminal 234.
The BB signal 1s finally filtered and amplified by a BB
amplifier 2350.

In the fifth passive mixer embodiment of FIG. 9, like in
the fourth embodiment of FIG. 8, also an additional sense
amplifier 244 1s added to the third passive mixer embodi-
ment of FIG. 6. Unlike the fourth embodiment shown in
FIG. 8, the additional (second) sense amplifier 244 1s
connected between the second terminal 234 and the second
cancellation component 240 rather than to the first terminal
232 and the first cancellation component 220. In this way,
the fifth passive mixer embodiment shown in FIG. 9 oper-
ates 1n voltage mode. The RF receive signal 1s weighted with
a first cancellation value (determined by the first sense
amplifier 242 by sensing the voltage at the first terminal 232)
and, 1n addition thereto, the voltage (BB voltage) at the
second terminal 234 1s sensed by the second sense amplifier
244 so that the BB signal 1s weighted by a second cancel-
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lation value (determined by the second sense amplifier 244
by sensing the voltage at the second terminal 234). Both the
RF signal weighted by the first cancellation value and the IF
signal (BB signal) weighted by the second cancellation
value are added to a bias voltage at the cancellation com-
ponent 240 in order to generate the second cancellation
signal. The second cancellation signal 1s provided to the bulk
terminal of the MOSFET 231. The MOSFET 231 switch 1s
adapted to mix the amplified RF receive signal provided as
input at the drain and the local oscillator signal provided as
input at the gate together with the second cancellation signal
provided as input at the bulk of the MOSFET 231 1n order
to generate and output a BB signal at the source. The BB
signal 1s then amplified by the BB amplifier 250

In the sixth passive mixer embodiment shown in FIG. 10,
a Turther sense amplifier 224 1s added to the fifth passive
mixer embodiment of FIG. 9. The second cancellation signal
which 1s provided to the bulk of the MOSFET 231, 1s
determined 1n the way as described with respect to FIG. 9
above. In addition thereto, the further sense amplifier 224 1s
adapted to sense the voltage at the second terminal (like the
sense amplifier 244). Although the sense amplifier 244 and
the sense amplifier 224 are both adapted to sense the voltage
at the second terminal 234, the BB signal can be weighted
with different cancellation values by the two amplifiers 224,
244. The BB signal weighted by one cancellation value 1s
supplied to the second cancellation component 240 (to
generate the second cancellation signal) and the BB signal
weighted by the same or a different cancellation value 1s
supplied to the first cancellation component 220 to be added
to the LO signal 1n order to generate the first cancellation
signal. By mixing the amplified RF receive signal provided
as input at the drain and the first cancellation signal provided
as 1nput at the gate together with the second cancellation
signal provided as mput at the bulk of the MOSFET 231, a
BB signal 1s generated and output at the source and finally
filtered and amplified by a BB amplifier 250.

The seventh passive mixer embodiment shown 1in FIG. 11
1s a combination of the previously described first to sixth
passive mixer embodiments. In this embodiment, a first
cancellation signal 1s generated by superimposing the RF
signal weighted by a cancellation value and the BB signal
weighted by a cancellation value on the LO signal at the first
cancellation component 220 and a second cancellation sig-
nal 1s generated by superimposing the RF signal weighted by
a cancellation value and the BB signal weighted by a
cancellation value on the bulk voltage at the second cancel-
lation component 240. The first and second cancellation
signals are then provided to the respective terminals of the
MOSFET 231 (the gate and bulk) 1n order to generate the
BB signal at the source as described above with respect to
the first to sixth embodiments.

An e1ghth passive mixer embodiment 1s shown 1n FIG. 12.
According to this embodiment, a more-phase generator,
exemplarily shown as a 4-phase generator 270 1n FIG. 12, 1s
provided. The 4-phase generator comprises two opposing
signal sources 1n order to generate different phases of the LO

signal received by the 4-phase generator 270 as mput. The
RF receive signal (amplified by the LNA 210) 1s provided at

the drain of four MOSFETs 231 shown in FIG. 12. In the
same manner as described above, the voltage of the RF
signal (the voltage at the drain of the four MOSFETs 230)
1s sensed by the first sense amplifier 222 and the RF receive
signal 1s weighted with a cancellation value by the first sense
amplifier 222. The weighted RF receive signal 1s then added
to the different phases generated by the 4-phase generator
2770 at the respective cancellation components 220. The RF
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signals applied to the respective cancellation components
220 may be weighted with the same or with different
cancellation values. If required by the operating conditions
(mismatch, process speed, temperature and the like), the RF
signal can be weighted with a first cancellation value and can
be added (at a first cancellation component 220) to the first
phase of the LO signal generated by the 4-phase generator
270 and the RF signal can be weighted by a second cancel-
lation value (different from the first cancellation value) and
can be added (at a second cancellation component 220) to
the second phase of the LO signal generated by the 4-phase
generator and so on. In this way the appropriate cancellation
signals are determined.

The RF signal 1s then mixed by the four MOSFETs 231
with the respective cancellation signals 1n the same manner
as described above to output BB (or IF) signals at the source
of the MOSFETs 231 which are finally filtered by the BB
amplifiers 250 1n order to generate 1 and Q quadrature
components.

The ninth passive mixer embodiment illustrated 1n FIG.
13 differs from the eighth passive mixer embodiment of FIG.
12 in that the weighted RF signal 1s superimposed on the
bias voltage of the MOSFETs 231 rather than on the
different phases of the LO signal. The different phases of the
L.O signal are mstead supplied to the gate of the MOSFETSs
231. At each MOSFET 231 the RF signal provided as input
at the drain 1s mixed with the respective phase of the LO
signal provided as input at the gate together with the
cancellation signal provided as mput at the bulk, 1n order to
generate the BB (or IF) signal.

Although described herein primarily in the context of a
receiver circuit, the IM2-suppressing passive mixer of the
present mnvention 1s not limited to recerver implementations,
but additionally finds utility in reducing the IM2, and
consequently raising the IP2, in transmitter circuits. For
example, FIG. 14 shows one embodiment of a passive mixer
330, deployed 1n the transmitter 130 shown in FIG. 1. As
shown 1 FIG. 3, the passive mixer 330 comprises a MOS-
FET 331 as a mixing component having a drain, a gate and
a source (the bulk 1s grounded for ease of simplicity), the
drain being operatively connected to a first terminal 332, the
source being operatively connected to a second terminal 334
and the gate being operatively connected to a third terminal
336 of the passive mixer 330. The first terminal 332 1s
adapted to receive a BB or IF signal (amplified by a BB or
IF amplifier 310), the second terminal 334 1s adapted to
output the RF signal and the third terminal 1s adapted to
receive a third signal, which 1s a first cancellation signal.

In one embodiment, the first cancellation signal 1s gen-
crated by setting a cancellation value a=%2 , by weighting
the BB or IF signal with the cancellation value o and by
superimposing (adding) the weighted BB or IF signal on (to)
the LO signal. The first cancellation signal thus cancels the
IM2 component, in a manner similar to that described with
respect to the receiver circuit of FIG. 3.

In FIG. 14, the BB or IF signal 1s weighted by the
amplifier 322 with the cancellation value o (by scaling the
drive strength of the first sense amplifier 322 1n relation to
the LO) and 1s then added to the LO signal in order to
generate the first cancellation signal at the cancellation
component 320. The first cancellation signal 1s then pro-
vided to the third terminal 336 (connected to the gate), the
BB or IF signal 1s provided to the first terminal 332
(connected to the drain) and the RF signal 1s generated as
output at the second terminal 334 (connected to the source)
by mixing the BB or IF signal and the first cancellation
signal.
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As described above with respect to the passive mixer n
the recerver circuit 120 of FIG. 3, when the cancellation
value o 1s selected to deviate slightly from the linear
cancellation criterion, 1.e. the cancellation value o would be
selected to not equal 0.5, the IM2 generated 1n the sub-
threshold region and the saturation region can be compen-
sated by allowing some residual IM2 1n the linear region. In
other words, the cancellation value o can be tuned such that
it nulls the sum of all IM2 contributions but does not null all
individual IM2 components separately, e.g. the one 1n the
linear region.

As shown 1n FIG. 14, the cancellation component 320 1s
adapted to generate the first cancellation signal for cancel-
ling IM2 components by superimposing the BB or IF signal
weighted by the cancellation value o on the LO signal. In
one embodiment, alternatively to setting the cancellation
value o to a fixed value, the first sense amplifier 322 can be
used 1n order to sense the voltage at the first terminal 332.
By sensing the voltage at the first terminal 332 the appro-
priate cancellation value for cancelling the IM2 component
can be determined by evaluating equation (1). The

unweighted BB or IF signal 1s provided to the first terminal
332 of the MOSFET 331 and the first cancellation signal 1s

provided to the third terminal 336 of the MOSFET 331. By
mixing the amplified BB or IF signal with the first cancel-
lation signal, the MOSFET 331 switch outputs an RF signal
at 1ts source and thus at the second terminal 334 of the
mixing component. The RF signal 1s then filtered and
amplified by the RF amplifier 350 comprising, for example
as shown 1n FIG. 14, an amplifier 352 having a resistor 354
operatively connected to the input and the output of the
amplifier 352 for feedback control.

FIG. 15 shows an embodiment of a passive mixer 330,
deployed 1n the transmitter 130 shown in FIG. 1, which 1s
used 1 voltage mode. In voltage mode, the source of the
MOSFET 331 and thus the second terminal 334 are not
directly connected to virtual ground, but rather are con-
nected via an mmpedance, e.g. as shown i FIG. 15, a
capacitor 358, to ground. That 1s, the MOSFET 331 1s loaded
by the capacitor 358. In contrast to the passive mixer
embodiment 1n FIG. 14, the voltage at the second terminal
334 1s not close to zero, since the second terminal 334 1s not
connected to virtual ground. Therefore, the voltage at the
second terminal 334 has to be considered 1n equations (1) to
(4) 1n order to determine the drain-source voltage V ,_and the
gate-source voltage V.. The drain-source voltage V ; 1s,
unlike in the embodiment of FI1G. 14, not merely equal to the
RF voltage V, . but it 1s equal to the ditterence between the
BB or IF voltage V,, or V .at the first terminal 332 and the
RF voltage V_, at the second terminal 334. Likewise, the
gate-source voltage V_ (without any additional cancellation
signal) 1s not merely equal to the voltage of the LO signal
V., but 1s equal to the difference between the voltage of the
LO signal and the source voltage V (the voltage at the
second terminal 334). Thus, 1n order to select the cancella-
tion value o, both the drain voltage V , at the first terminal
332 and the source voltage V_, at the second terminal 334
have to be sensed in order to determine the drain-source
voltage V ,, and the gate-source voltage Vot the MOSFET
331.

Since the BB or IF voltage at the first terminal 332 and the
RF voltage at the second terminal 334 are widely separated
in frequency, they can be sensed independently. In order to
sense the voltage at the first terminal 332, the first sense
amplifier 322 1s used and 1n order to sense the voltage at the
second terminal 334, a second sense amplifier 324 1s used.
Then, the sensed voltage at the first terminal 332 and the




US 9,825,590 B2

19

sensed voltage at the second terminal 334 are used to adapt
the cancellation value a. The BB or IF signal 1s weighted by
the cancellation value o, and the RF signal 1s weighted by
the cancellation value o, and the weighted signals are
provided to the cancellation component 230. The cancella-
tion values o, and o, may be the same for simplicity or
individually set to maximize performance. At the cancella-
tion component 320, the LO signal 1s superimposed on both
the weighted BB or IF signal and the weighted RF signal, in
order to generate a first cancellation signal which 1s then
provided to the third terminal 336 and the gate of the
MOSFET 331. The output of the second terminal 334 is then
again provided to the RF amplifier 352 for amplification and
filtering.

Those of skill 1n the art will readily recognize that all
embodiments of the passive mixer described herein 1n the
context of a recerver (e.g., as depicted 1n FIGS. 34, 6, 8-13)
may similarly be advantageously deployed in a transmuitter
circuit to reduce IM2 and hence raise the IP2.

The technique described above results 1n noticeable 1IM2
improvements on the order of 20 dB, in particular for the
current mode mixer. This significant improvement leads to
decreased duplexer requirements and therefore to lower
costs, smaller size and smaller losses. For frequency bands
where the duplexer Tx-Rx 1solation 1s below the typically
required 50 dB, the described technique eliminates the need
for a SAW interstage filter between the LNA and the mixer,
which also improves band tlexibility and reduces the costs
and size of the recerver structures and the devices.

The invention claimed 1s:

1. A passive mixer, not comprising an active component
biased by an external power source which 1s not an input
signal, adapted to convert a first signal having a first
frequency 1nto a second signal having a second frequency by
using a third signal having a third frequency, comprising:

a first cancellation component adapted to generate a first
cancellation signal operative to substantially cancel
second order intermodulation components by adding
the first signal weighted by a first cancellation value on
the third signal;

a mixing component having a first terminal adapted to
receive the first signal, a second terminal adapted to
output the second signal, and a third terminal adapted
to receive the first cancellation signal, wherein the
mixing component 1s adapted to provide the second
signal as output at the second terminal by mixing the
first signal provided as input at the first terminal and the
first cancellation signal provided as input at the third
terminal; and

a first active sensing component adapted to sense a
voltage at the first terminal and to adapt the first
cancellation value based on the sensed voltage at the
first terminal.

2. The passive mixer according to claim 1, wherein the
mixing component comprises a pair of two complementary
voltage controlled switches, wherein the two complemen-
tary voltage controlled switches are connected in parallel
and share the first terminal, and each have a distinct third
terminal.

3. The passive mixer according to claim 1, wherein the
mixing component comprises a lield effect transistor switch
having i1ts drain operatively connected to the first terminal,
its gate operatively connected to the third terminal and 1ts
source operatively connected to the second terminal.

4. The passive mixer according to claim 1, wherein the
mixing component comprises a field effect transistor switch
having 1ts source operatively connected to the first terminal,
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its gate operatively connected to the third terminal and 1ts
drain operatively connected to the second terminal.

5. The passive mixer according to claim 1, further com-
prising a second sensing component adapted to sense the
voltage at the second terminal, wherein the first cancellation
component 1s adapted to generate the first cancellation signal
by additionally considering the sensed voltage at the second
terminal.

6. The passive mixer according to claim 1, further com-
prising two or more mixing components and a correspond-
ing number of cancellation components, and a more-phase
generator adapted to generate the third signal with two or
more different phases and to individually feed the different
phases of the third signal into one or more of the two or more
mixing components.

7. The passive mixer according to claim 6, wherein the
first cancellation component 1s adapted to generate the first
cancellation signal by superimposing the first signal
weilghted by the cancellation value on one phase of the third
signal and by superimposing the first signal weighted by the
same or an adapted cancellation value on another phase of
the third signal.

8. The passive mixer according to claim 6, wherein the
more-phase generator comprises a four-phase generator, and
wherein the cancellation components may be weighted with
the same or different cancellation values.

9. The passive mixer according to claim 1, wherein the
first signal 1s a radio frequency signal, the third signal 1s a
local oscillator signal, and the second signal 1s one of an
intermediate frequency signal and a baseband signal.

10. The passive mixer according to claim 1, wherein the
first signal 1s one of an intermediate frequency signal and a
baseband signal, the third signal 1s a local oscillator signal,
and the second signal 1s a radio frequency signal.

11. A transceiver apparatus comprising a transmitter
adapted to transmit a radio frequency transmit signal and a
receiver adapted to receive a radio frequency receive signal,
wherein the receiver comprises:

a low noise amplifier adapted to amplity the high fre-

quency receive signal; and

a passive mixer, not comprising an active component

biased by an external power source which 1s not an

input signal, comprising:

a local oscillator adapted to generate a local oscillator
signal;

a cancellation component adapted to generate a {first
cancellation signal to substantially cancel second
order imtermodulation components by superimpos-
ing the amplified radio frequency receive signal
weighted by a cancellation value on the local oscil-
lator signal;

a mixing component having a first terminal adapted to
receive the amplified radio frequency receive signal,
a second terminal adapted to output one of an
intermediate frequency signal and a baseband signal,
and a third terminal adapted to receive the first
cancellation signal, wherein the mixing component
1s adapted to provide one of the intermediate ire-
quency signal and the baseband signal as output at
the second terminal by mixing the amplified radio
frequency receive signal provided as input at the first
terminal and the first cancellation signal provided as
input at the third terminal; and

a first active sensing component adapted to sense a
voltage at the first terminal and to adapt the first
cancellation value based on the sensed voltage at the
first terminal.




US 9,825,590 B2

21

12. The transceiver apparatus according to claim 11,
wherein the receiver further comprises one of a bandpass
filter and a lowpass filter connected to the second terminal,
wherein the bandpass filter has a passband of a predeter-
mined frequency range adapted to filter the intermediate
frequency signal and the lowpass filter has a passband of a
predetermined frequency range adapted to filter the base-
band signal.

13. A transceirver apparatus comprising a transmitter
adapted to transmait a radio frequency transmit signal and a
receiver adapted to receive a radio frequency receive signal,
wherein the transmitter comprises:

an amplifier adapted to amplily one of an intermediate

frequency signal and a baseband signal to be transmit-

ted; and

a passive mixer, not comprising an active component

biased by an external power source which 1s not an

input signal, comprising:

a local oscillator adapted to generate a local oscillator
signal;

a cancellation component adapted to generate a {first
cancellation signal to substantially cancel second
order mtermodulation components by superimpos-
ing the amplified intermediate frequency signal or
baseband signal weighted by a cancellation value on
the local oscillator signal;

a mixing component having a first terminal adapted to
receive the amplified intermediate frequency signal
or baseband signal, a second terminal adapted to
output a radio frequency transmit signal, and a third
terminal adapted to receive the first cancellation
signal, wherein the mixing component 1s adapted to
provide the radio frequency transmit signal as output
at the second terminal by mixing the amplified
intermediate frequency signal or baseband signal
provided as iput at the first terminal and the first
cancellation signal provided as iput at the third
terminal; and

a first active sensing component adapted to sense a
voltage at the first terminal and to adapt the first
cancellation value based on the sensed voltage at the
first terminal.

14. A method, performed by a passive mixer not com-
prising an active component biased by an external power
source which 1s not an mput signal, of converting a first
signal having a first frequency 1nto a second signal having a
second frequency by using a third signal having a third
frequency, comprising:

sensing, by an active sensing component, a voltage at a

first terminal of a mixing component;

adapting, by the active sensing component, a {irst cancel-

lation value based on the sensed voltage at the first

terminal:

generating, by a cancellation component, a first cancel-

lation signal to substantially cancel second order inter-
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modulation components by superimposing the first
signal weighted by the cancellation value on the third
signal;

receiving, at a first terminal of a mixing component, the

first signal;

recerving, at a third terminal of the mixing component, the

first cancellation signal; and

outputting, at a second terminal of the mixing component,

the second signal by mixing the first signal provided as
input at the first termunal and the first cancellation
signal provided as mput at the third terminal.

15. The method of claim 14, wherein a voltage at the
second terminal 1s sensed by a second sensing component
and the first cancellation signal 1s generated by additionally
considering the sensed voltage at the second terminal.

16. A passive mixer, not comprising an active component
biased by an external power source which 1s not an nput
signal, adapted to convert a first signal having a first
frequency 1nto a second signal having a second frequency by
using a third signal having a third frequency, comprising:

a first cancellation component adapted to generate a first

cancellation signal operative to substantially cancel
second order intermodulation components by adding,
the first signal weighted by a predetermined cancella-
tion value on the third signal; and

a mixing component having a first terminal adapted to

receive the first signal, a second terminal adapted to
output the second signal, and a third terminal adapted
to receive the first cancellation signal, wherein the
mixing component 1s adapted to provide the second
signal as output at the second terminal by mixing the
first signal provided as input at the first terminal and the
first cancellation signal provided as input at the third
terminal.

17. A method, performed by a passive mixer not com-
prising an active component biased by an external power
source which 1s not an mput signal, ol converting a first
signal having a first frequency 1nto a second signal having a
second frequency by using a third signal having a third
frequency, comprising:

generating, by a cancellation component, a first cancel-

lation signal to substantially cancel second order inter-
modulation components by superimposing the first
signal weighted by a predetermined cancellation value
on the third signal;

receiving, at a first terminal of a mixing component, the

first signal;

recerving, at a third terminal of the mixing component, the

first cancellation signal; and

outputting, at a second terminal of the mixing component,

the second signal by mixing the first signal provided as
input at the first terminal and the first cancellation
signal provided as mput at the third terminal.
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